Osteoarthritic (OA) changes in knee joints can be assessed by analysing the structure of trabecular bone (TB) in the tibia. This analysis is performed on TB regions selected manually by a human operator on x-ray images. Manual selection is time-consuming, tedious and expensive. Even if radiologist expert or highly trained person is available, to select regions, high inter-and intra-observer variabilities are still possible. A fully automated image segmentation method was, therefore, developed to select the bone regions for numerical analyses of changes in bone structures. The newly developed method consists of image pre-processing, delineation of cortical bone plates (active shape model) and location of regions of interest (ROI). The method was trained on an independent set of 40 x-ray images. Automatically selected regions were compared to the "gold standard" that contains ROIs selected manually by a radiologist expert on 132 x-ray images. All images were acquired from subjects locked to region offsets calculated between the "gold standard" and automatically selected regions were calculated. The plots showed a random scatter and the 95% confidence intervals were (-0.006, 0.008) and (-0.001, 0.011). The changes of FDs to region offsets were less than 0.035. Previous studies showed that differences in FDs between non-OA and OA bone regions were greater than 0.05. ROIs were also selected by a second radiologist and then evaluated. Results indicated that the newly developed method could replace a human operator and it produces bone regions with an accuracy that is sufficient for fractal analyses of bone texture.
I. INTRODUCTION
Bone regions selected on digitized radiographs are used for the quantitative analysis of osteoarthritic (OA) changes occurring in knee joints. Previous studies showed that through the analysis of trabecular bone (TB) regions of the tibia OA changes can be detected in knees.
1-3 Detection of OA is a key parameter in understanding the role of bone changes at the early stages of OA and during the disease progression. Inspite of its potential, the TB analysis is yet not used in routine clinical practice. The reason is that a human operator is required to select bone regions for the analysis first. Manual selection is time-consuming, tedious and expensive, 3 and even if radiologist expert or highly trained person is available, to select regions, high inter-and intra-observer variabilities are still possible. The difficulties are caused by the fact that a large number of radiographs are analysed, the anatomy of a knee joint is complex and variable (e.g. OA knees can be severely deformed), the contrast between bone edges and background is often low, and special precautions are required to avoid selecting the periarticular osteopenia and the fibula head. For these reasons, an automated segmentation method that is fast, accurate and reproducible is highly desirable. In this study, such a segmentation method will be developed and used to select TB regions of interest (ROIs) in the tibia.
Our ultimate goal is to develop a fully automated system for the prediction, early detection and diagnosis of knee osteoarthritis. The automated selection of bone regions is a component of the automated system that is currently developed. Other components of the system include the texture characterization of bone regions, the measurement of joint space width, osteophytes and leg alignment. This would be a decision-support system that is not meant to replace the radiologist, but when fully developed, it can improve the accuracy of predicting and finding early knee OA. As a result appropriate therapy can be started in a timely manner.
A large number of medical image segmentation methods have been proposed in the last 30 years, including thresholding, region growing, classifiers, clustering, Markov random field models, artificial neural networks, deformable models, atlas-guided approach and model-fitting. 4 For example, active shape models (ASMs) were used to find a boundary of the femoral head in leg radiographs 5 and to segment the tibia bone in ultrasound images, 6 the posterior ribs were selected in chest radiographs using an iterated contextual pixel classification 7 while hand radiographs were segmented by multiple connected active appearance models. 8 However, none of these methods can be directly used to solve the problem of selecting bone regions in the tibia.
In this study, a new automated method for TB bone region selection has been developed. The method contains three components: (i) image preprocessing (fibula positioning, image resizing, contrast enhancement, delineation of the knee borders and the joint space line), (ii) delineation of the cortical bone plates (based on ASM) and (iii) location of ROIs (placing a 256×256
pixel region under the lateral and medial cortical bone plates). The performance of this method was tested on healthy and OA knee images using manually selected regions by a radiologist expert as the "gold standard".
II. METHODS
A. Data sets
Acquisition of radiographs
Plain anteroposterior radiographs of left and right knees in weight-bearing full extension were acquired from 86 subjects. The total number of radiographs is 172 (one per knee). Each individual subject was locked in a standarized standing position using a radiography rig. 9 Focal calcaneus distance was 1 m and peak voltages were set between 55 and 65kVp. Exposure settings were adjusted for each subject to obtain an optimal visualization of the tibia bone.
Radiographic films were digitized using a Linotype Saphir Ultra 2 scanner with a scan mode of 16-bit RGB and an optical resolution of 500dpi. Radiographs were cropped to 2048×2048 pixels during the scanning with the purpose of reducing the storage space of X-ray database. To reduce computational times
and to obtain smooth images, digitized radiographs were converted to 8-bit gray scale level images with a pixel resolution of 0.05 by 0.05mm. Previous studies showed that this spatial resolution is sufficient for the texture analysis of bone regions. 
Normal and OA knees
All subjects were diagnosed according to the following criteria for radiographic knee OA:
(i) a joint space narrowing (JSN) of grade 2 or higher,
(ii) the sum of the 2 marginal osteophyte grades from the same compartment equal or greater than 2, or (iii) a grade 1 JSN in combination with a grade 1 osteophyte in the same compartment.
The criteria approximate a grade 2 knee OA based on the Kellgren/Lawrence scale. 11 For the grading of knees the Osteoarthritis Research Society International (OARSI) atlas was used. 15 (out of 172) knees were identified as having the radiographic OA.
"Gold standard"
The performance of the automated selection method developed was evaluated by comparing the results obtained against a "gold standard". The standard contains 344 ROIs (two 256×256 pixel ROIs per knee image) selected by a radiologist experienced in the selection of bone regions. As an example, manually selected regions are shown in Fig. 1 . To speed the selection process, a custom mouse pointer tool was used to assist the radiologist in performing image operations. First, the radiologist used a computer mouse to click on the most outer points of the lateral and medial tibia borders (osteophytes were excluded). The pointer tool was then used to automatically execute the following steps:
(i) drawing a vertical line through the middle between the outer points,
(ii) locating a region point in the horizontal distance set to the 1/3 of the compartment width measured from the lateral or medial outer point to the central line. The one-third width was used to avoid the periarticular osteopenia adjacent to marginal osteophyte formation.
(iii) drawing and centering a ROI at the region point and then moving it horizontally toward the knee center.
Next, the radiologist moved vertically the region until its top boundary was located immediately under the medial or lateral subchondral sclerosis area.
Finally, the radiologist moved horizontally the region toward the central line to avoid an overlapping with the fibula head. Throughout this process the radiologist had to adjust manually the image brightness, contrast and magnification because of low contrast between the bony structure and soft tissue. The radiologist had to use edge detection filters since the sclerosis area and the fibula were difficult to identify. The selection of ROIs was repeated independently by a second radiologist. The rationale behind the use of two radiologists was an assessment of inter-observer variability in manually selected regions.
The first radiologist also used a computer mouse to click on 10 points along a part of the fibula head border that overlaps the tibia bone. These points are joined together by lines and a curve that is an approximation of the head border is obtained. This curve will be used in the calculation of a similarity index measure, i.e. the amount of false positive pixels (to be defined later).
For the construction of the "gold standard" rules were developed on the basis of previous works in the area of bone texture analyses. 1,2,12 For example, each bone region was sized to 256×256 pixels which cover an area of 12.8×12.8
mm. Similar area sizes were used in previous studies. 
Delineation of cortical bone plates
An ASM method was used to find a shape that best fits the superior border of the medial or lateral cortical plates. The method was chosen because it works well with x-ray images in the presence of a low contrast between overlapping objects, between the object and its surrounding area and has the ability to capture the complexity and inter-individual variability of the knee shapes. [18] [19] [20] The shape fitting was done in the following manner:
a. Landmark points. First, a training set of shapes of the superior border of the cortical plate was found manually by a radiologist in
3(a)]. A horizontal Mallat's 2D wavelet transform 21 was used to enhance image features in horizontal directions. Each shape can be described by a shape vector The model fitting process was performed using following hypotheses. 
For this purpose, five new profiles were generated, i.e., the profile Mahalanobis distance were calculated. The distances were compared and the shape model with the smallest distance was selected. This model was used to produce landmark points that represent the cortical bone plate.
Location of ROIs
Separate ROIs were selected on the lateral and medial regions of the tibia. Each region was initially placed in such a way that the middle point of the upper boundary was immediately under the lowest landmark point of the cortical plate (Fig. 4) . Horizontal features within the image region were then enhanced using a Mallat horizontal wavelet transform. 21 Next, the enhanced image was thresholded.
This produced a binary image with several white regions. Finally, a white region with the largest area was identified. This region represents the subchondral sclerosis area and the ROI was moved vertically under it. The region selected was resized to a 256×256 pixel image.
(ii) First, the contrast of the square image was adjusted using the CLAHE The performance of the automated method developed was also evaluated using an offset distance in the x and y direction. The distance is given in millimeters and one pixel corresponds to 0.05mm. Offsets were used because they are easy to calculate and provide an accurate measure of distances between square ROIs in the x and y directions. The plot represents the difference versus average of FDs calculated for the "gold standard" and the automated method (or the second radiologist) at individual TB width. A 95% confidence interval (i.e. the limit of inter-reader agreement) around the mean difference between corresponding FDs was used. FDs were calculated at each TB width in the range of 0.3 to 0.65mm in steps of 0.05mm.
The effect of region offsets on FSs was evaluated. This was done by comparing FSs calculated for a "gold standard" region with those calculated for the region that was offset in x and y directions. The effect of overlapping between ROI and the fibula head was also evaluated.
III. RESULTS

A. Finding optimal thresholds
Binary images were used to determine the vertical and horizontal 
B. Evaluation results
The performance of the automated method developed was evaluated on the testing set of 132 images. SI and offsets were calculated between automatically selected and the "gold standard" ROIs and between selected by the second radiologist and the "gold standard" ROIs. Mean, 95% confidence range and interval values of all measures calculated are listed in Table I .
Bland and Altman plots were constructed for FSs, and the plots together (Table I) .
FSs were also calculated for a ROI that was overlapped by fibula head. A percentage area of the overlapping is ranging from 0% to 15% in steps of 1%. As an example, FDs calculated at the scale of 0.65mm for increasing area of overlap are shown in Fig. 12 .
C. Worst ROI selection results
The automated method can produce regions that are visibly different from Table II .
IV. DISCUSSION
In this study, a fully automated method was developed to select ROIs of trabecular bone in knee radiographs. The method was trained on an independent set of 40 images and evaluated on a set of 132 test images. Two ROIs, i.e., the lateral and medial region, were selected on each image. The SI and offsets were calculated between the automatically selected ROIs and the "gold standard" regions. The SI measures were greater than 0.8. The SI measures obtained for the second radiologist were greater than 0.9. This indicates that the manual selection is more accurate than the automated method. However, results obtained with the automated method might improve when thresholds used are refined by increasing the number of training examples.
The accuracy of the newly developed method for numerical analysing TB was evaluated using FDs calculated for the "gold standard" regions and regions selected by the automated method. Bland and Altman plots constructed for FDs calculated exhibit a random scatter [ Fig. 10(a,b) ], i.e. they do not vary in a systematic way over the range of average FDs. 95% confidence range and intervals were calculated [ Fig. 10(a,b) ]. Their values are small enough to be confident that the automated method can be used instead of the manual selection of regions performed by a radiologist expert. The results are comparable to those obtained for the second radiologist [ Fig. 10(c,d) ].
Changes of FDs to region offsets were calculated. Figure 11 shows that differences in FDs were no greater than 0.035 for most of the offset values obtained between the "gold standard" and automatically selected regions.
Previous study 3 showed that differences in FDs between non-OA and OA bone regions were greater than 0.05. This indicates that the automated method developed has potential for use in detecting TB changes in OA knee joints.
Bone ROIs can be overlapped by the fibula head. Figure 12 shows that FD is significantly affected by the overlapping area (>1%). In this study, the penalty term FPb in SI was used to minimize the overlapping area [ Fig. 8 ].
Consequently, FPb minimizes the effect of the overlapping on FD.
The "gold standard" was constructed from bone regions that were selected by the radiologist expert who used the custom mouse pointer tool. The rationale behind the use of the pointer tool was that shifting the ROIs, placed automatically in reference to the radiologist-identified landmarks, would be easier than direct manual selecting ROIs (i.e. the selection of ROIs without the use of the pointer tool). It might be argued that the "gold standard" is bias, since some of the rules used to place the ROI in reference to the landmarks are similar to those used in the automated method. However, where the "gold standard" region is finally placed depends entirely on the radiologist decision.
There are problems associated with the selection of bone regions. The "gold standard" was constructed from bone regions that were manually selected by a single human reader. Although the radiologist expert selected the bone regions, the interpretation and measurement errors may occur in the construction of this standard. The first type error occurs mainly along the knee border, subchondral sclerosis and fibula head that might be difficult to interpret by the human reader. Misinterpretations are more likely to occur when there is a low intensity contrast between the knee and the surrounding background and the bones of a knee joint are deformed. The second type of error is associated directly with the fact that clicking on the points along the knee borders and adjusting ROIs take long time and these are the eye-straining tasks. A possible way to minimize these errors is through the use of multiple readers. 25 However, for a large database such as the one used in this study, this is impractical as each reader would have to analyze the whole database.
The "gold standard" was constructed from bone regions that were selected by the radiologist expert who used the custom mouse pointer tool. The rationale behind the use of the pointer tool was that shifting the ROIs placed automatically in reference to the radiologist-identified landmarks would be easier than direct manual selecting ROIs (i.e. the selection of ROIs without the use of the pointer tool). It might be argued that the "gold standard" is bias, since some of the rules used to place the ROI in reference to the landmarks are similar to those used in the automated method. However, where the "gold standard" region is finally placed depends entirely on the radiologist decision.
Another problem may arise if the lower part of the cortical plates is thinner and smaller as compared to the top part. In this case, the ASM may have difficulties with capturing cortical bone plates accurately. This problem can be overcome by using a statistical model constructed at different spatial scales. However, the process of constructing such a model requires a large training set and takes long time. 25 Results obtained for ROIs selected on the lateral site were worse than those for the medial site ( Table I ). The worse performance can be associated with overlapping between the tibial bone and the fibula head. The head was sometimes not clearly visible and this influenced the ellipse fitting as shown in Fig. 13 .
Good technical quality images of normal knee joints and few images of OA knees with deformed bones were used in this study. The images were obtained from knee radiographs of subjects who were locked in a same standardized position. Testing on poor quality images and poorly positioned subjects can give worse results. However, as the automated method is trainable, it can be tailored to different patient positions and measurement conditions such as image noise and exposure. This ability would be useful since it was found that FD does not change significantly with projection angle, image noise (<5%) and exposure. 26 Some ROIs were incorrectly selected using the automated method. Since it is necessary to retain all data from a clinical study, a user interface was developed to adjust these ROIs manually. Results showed in this study were produced by the automated method without any manual adjustment.
Generally the automated method produces ROIs that are not as close to the "gold standard" as those provided by the human expert. This is consistent with results reported for other automated methods, e.g. automated segmentations of lung fields in chest radiographs. 27 It is not anticipated that the automated method will produce accurate region selections in all cases. In clinical trials, radiologists select bone regions from a large number of x-ray images. This manual selection is more expensive and time consuming than automated selections, even if the reader uses semi-manual selection tools and some results obtained from the automated method must be manually corrected.
Furthermore, it cannot be ensured that follow-up studies will be performed by the same reader or the reader with the same level of experience.
Methods developed for the automated bone region selection can be modified and used in other applications. For example, in the measurement of a joint space width a manual image processing intervention is required to eliminate nonanatomical structures and to find a center of the knee joint and boundaries of the medial and lateral compartments. 28 These image processing tasks can be automated using the knee border delineation methods. In the segmentation of tibia from knee x-rays 29 the starting point used for ASM can be automatically selected in the similar way as the last landmark point of the ASM constructed for cortical plates.
V. CONCLUSIONS
From the work conducted the following conclusions can be drawn:
(i) A fully automated method was developed for the selection of tibial trabecular bone (TB) regions on x-ray images of knee joints.
The automated method consists of three components: image preprocessing, delineation of cortical bone plates (active shape model) and location of regions of interest (ROIs). Thus, timeconsuming and prone-to-human-error process associated with the manual selection of bone ROIs can be replaced using the method developed.
(ii) The automated method was evaluated against the "gold standard" containing regions selected by a radiologist expert. (iv) ROIs were selected by a second radiologist. They were closer to the "gold standard" than those produced by the automated method. However, the manual selection is expensive and it cannot be guaranteed that follow-up studies will be performed by the same radiologist or a radiologist with the same experience.
(v) The newly developed method will be used in the development of a fully automated system for prediction, early detection and diagnosis of the knee osteoarthritis. We hope that the automated system can improve the accuracy of predicting and detecting OA so that one can start appropriate therapy. Computation was performed using Unix computer with 1.2GHz clock. 
